Introduction
The great potential of the baculovirus insect cell system for the production of therapeutically active proteins has regained enormous interest by the market entry of the human papilloma virus vaccine Cervarix ®1 in 2007. Nowadays, a variety of baculoviral expression systems and suitable insect cell lines ranging from the widely popular Spodoptera frugiperda Sf 9 and Sf 21 cell lines, to the Trichoplusia ni cell lines BTI-TN5B1-4 "High Five" and BTI-Tnao38, are available. [2] [3] [4] [5] To date, hundreds of eukaryotic proteins, mainly composed of single subunits, have successfully been produced in insect cells. 6 However, therapeutics, especially in the field of vaccinology are often composed of numerous different protein subunits. The recent development of production platforms for influenza A virus-like particles [7] [8] [9] takes advantage of the fact that multisubunit particles are much more efficient in eliciting proper immune response as compared with single protein vaccines. Additionally, the possibility of multigene expression can be extremely beneficial, as it allows for co-producing key factors that help to increase the quality of the final product The baculovirus/insect cell system has proven to be a powerful tool for the expression of eukaryotic proteins. Therapeutics, especially in the field of vaccinology, are often composed of several different protein subunits. Conventional baculoviral expression schemes largely lack efficient strategies for simultaneous multi-gene expression. The MultiBac technology which is based on an engineered genome of Autographa californica nuclear polyhedrosis virus in combination with specially designed transfer vectors is an elegant way for flexible generation of multi-subunit proteins in insect cells. Yet, the glycosylation pattern of insect cell-derived products is not favorable for many applications. Therefore, a modified version of MultiBac, SweetBac, was generated allowing for a flexible glycosylation of target proteins in insect cells. Beyond the SweetBac technology MultiBac can further be designed for bridging the gap between cell engineering and transient modulation of host genes for improved and product tailored expression of recombinant proteins. There are a small number of commercially available plasmids that enable the construction of multigene expression constructs. However, these are inconvenient and cumbersome in handling due to their already large size and lack of flexibility in their design. A more flexible approach is to co-infect insect cells with several recombinant baculoviruses at the same time, each carrying one or two expression cassettes. This strategy works reasonably well for small-scale experiments, but scale-up is typically intractable and inefficient. Moreover, statistics dictate that the chances of getting all viral clones into one cell decreases with their number. In order to overcome these problems, a flexible baculoviral multi-gene expression system was developed-MultiBac. [10] [11] [12] [13] So far, the MultiBac system has been primarily used for the expression of heterologous multiprotein complexes dedicated for structural characterization. Other studies demonstrated the use of MultiBac for the generation of virus like particles (VLPs). Such particles consist of proteins that form a viral outer shell and its envelope, without including the genomic elements required for replication. L1 structural protein of human papillomavirus (HPV) subtypes 16 and 18 self assembles into VLPs, which are the basis for Cervarix TM . The production of these VLPs using a conventional baculovirus is approved at an industrial scale, but the same setup cannot be used for several other viral subtypes because of very low yields. However, based on the MultiBac technology, yields for several HPV subtypes could be drastically increased (up to 40-fold).
MultiBac turns sweet
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Baculovirus Expression Systems
The original method for the generation of recombinant baculovirus employed homologous recombination of a transfer vector with the circular wildtype baculovirus DNA in insect cells. The process was very inefficient and required extensive plaque purification for isolating single clones. Ever since, numerous attempts have been made to reduce time span, improve efficacy and user-friendliness of the baculovirus expression systems. Furthermore, virus genome engineering to enhance yield and quality of the heterologous protein and transfer vector design for multigene-expression became an important issue (see Table 1 ). interest into the bacmid causes disruption of the lacZ reading frame resulting in a white phenotype. 19 The method is convenient as bacterial cells are utilized for the manipulatation and identification of recombinant baculovirus DNA. As the isolated recombinant bacmid is not contaminated with wildtype viral DNA, there is no need for tedious plaque purification. A maximum of two genes can be concomitantly expressed from the dual vector under control of the very late promoters pH and p10.
flashBAC
The flashBAC system combines the bacmid technology with in vivo recombination in insect cells. It is based on a modified AcNPV backbone that has a deletion in the essential gene orf1629 and contains a bacterial artificial chromosome (BAC) at the polyhedrin gene locus replacing polyhedrin gene. 20 The partial deletion of orf1629 renders the virus inactive and prevents replication of any non-recombinant parental virus in insect cells. Homologous recombination between a transfer and the flash-BAC backbone restores the function of the essential gene and allows for virus replication. As non-recombinant virus is unable to replicate, plaque purification is obsolete. The gene of interest is inserted under control of the pH promoter with the concomitant removal of the BAC sequence. This is a specific property of the flashBAC technology (compared with Bac-to-Bac) and contributes to genomic stability of the DNA within insect cells. The flashBACGOLD backbone DNA shows improved efficacy of the secretory pathway and yield as well as reduced proteolysis by deletion of chiA and v-cath. flashBACULTRA is the latest development of the flashBAC technology and carries three more deletions of virus non-essential genes (p10, p26 and p74) for improved yield and quality of recombinant proteins. 21 A maximum of two heterologous genes can be expressed in parallel from the baculovirus very late promoters (pH and p10) with the dual promoter vector. However, the system does not provide any vectors for multigene expression.
MultiBac
The MultiBac system [10] [11] [12] [13] is based on the combination of an engineered viral bacmid, comparable to Bac-to-Bac, and specially designed transfer vectors, so called "acceptors" and "donors." Both classes of vectors contain expression cassettes consisting of the baculoviral polyhedron (pH) and p10 promoters and eukaryotic polyadenylation signals. The plasmids are further equipped with resistance markers, a short imperfect inverted repeat (LoxP) and an origin of replication (Fig. 1A) . In case of acceptors the
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Efficacy of the homologous recombination was improved by engineering three copies of the restriction site Bsu36I into the baculovirus DNA backbone. Upon triple-digestion the linearized genome lacks gene orf1629, which is essential for virus replication. 15 Viability is restored upon recombination with a transfer vector providing orf1629 along with the recombinant gene. An array of transfer vectors is available that utilize the baculovirus late and very late promoters, provide purification tags or fusion to the gp64 signal peptide for improved secretion. A maximum of four genes can be expressed form a quadruple promoter vector that contains two copies of p10 and pH promoter each. However, the multiple cloning sites (MCS) only offer a modest number of restriction sites that constrains flexibility in the cloning procedure.
BacVector
The BacVector system is based on a traditional Triple Cut Virus DNA. The BacVector-2000 has a deletion in five non-essential genes to improve target gene expression by decreasing the metabolic burden for the insect cells. Furthermore, two additional genes v-cath (cathepsin) 16 and chiA (chitinase A) 17 have been deleted from the BacVector-3000. Deletion of chiA gene was shown to enhance secretion and membrane-targeted protein production, since this protein would otherwise accumulate in the secretory pathway. By deleting the v-cath gene, proteolysis and degradation of susceptible target proteins is prevented. 18 For cloning the gene of interest into the virus backbone, a number of transfer vectors are available. However, only up to four genes can be simultaneously co-expressed from the available quadruple vector that contains 2 copies of pH and p10 promoters.
Bac-to-Bac
Nowadays, several systems where bacterial artificial chromosomes (BACs) are incorporated into the baculovirus genome are available. The BAC replicon allows the viral DNA to be maintained and amplified in bacterial hosts as bacmids, in a similar manner to large plasmids. Among these systems, the Bac-to-Bac system is most commoly used. It is based on in vivo bacterial site-specific transposition of an expression cassette from a transfer vector into the bacmid. Expression cassettes on the transfer vectors are flanked by the left and right arms of the bacterial Tn7 transposon. As the attachment site for the transposon is located at the N-terminus of the lacZα gene, insertion of the gene of 24 Influenza VLPs can be produced by co-expression of HA, NA, M1 and M2, or HA, NA and M1, or even only HA and M1, respectively. 22 To date, VLPs of influenza A subtypes H1, H3, H5, H7, H9 and influenza B have successfully been produced in insect cells. Almost all were tested in mice or ferrets and induced immune responses when administered intranasally, intraperitoneally or intramuscularly. [24] [25] [26] [27] So far the production of VLPs has been performed using conventional co-infection strategies. Our recent work has evaluated the use of MultiBac for enhancing flexibility and efficiency in the process of influenza VLP generation. Different subtypes of viral HA have therefore individually been cloned into the donor vector pUCDM, while different subtypes of viral M1 were cloned into the acceptor vector pKL. Several combinations of HA and M1 have been tested for optimal VLP generation by fusing specific pUCDM and pKL vectors using the LoxP site in a cre-mediated reaction (Fig. 1C) . The multigene construct was then integrated into the Tn7 site of the MultiBac baculoviral genome (Fig. 2) . The MultiBac technology was shown to enhance the speed and efficiency of VLP generation and, thus, is highly convenient for testing many different combinations of HA and M1 in a reasonable time frame.
Insect Cells and Their Glycosylation: Possible Impact on Therapeutics
A major limitation regarding the production of therapeutic proteins in insect cell lines is the lack of complex type N-glycans. N-glycans found on insect cell-expressed proteins are mainly of a origin is designed for propagation in standard cloning strains of E. coli, whereas donors harbor a conditional origin of replication (derived from phage R6Kγ). Donors can therefore only be propagated in E. coli strains expressing the π-protein encoded by the pir gene. The vector system provides two synergistic features that enable rapid, flexible and efficient generation of multigene constructs. First, expression cassettes are flanked by homing endonucelases allowing for an easy assembly of multiple cassettes on one vector backbone (Fig. 1B) . By means of a second strategy, one or several donor vectors, containing one or several genes of interest each, can be fused to a single acceptor vector with further genes of interest using the LoxP sites in a Cre-recombinase mediated reaction (Fig. 1C) . The R6Kγ ori of donor vectors is a crucial feature within this strategy, because only vectors fused to an acceptor are able to survive in a pir-negative environment which is common to all generally used cloning strains. The insertion of genes into the MultiBac genome is possible by two independent mechanisms. First, multigene constructs containing an acceptor can be transformed in DH10MultiBac bacterial strains where co-produced Tn7 transposase inserts the expression cassettes into the Tn7 attachment site present on the viral genome. By a second strategy, genes present on a Donor can be inserted in the distal LoxP site engineered into the viral genome in an in vivo Cre mediated reaction (Fig. 2) . For enhancing product quality and stability v-cath and chiA genes have further been inactivated in the MultiBac genome.
The strength of MultiBac is its capability of expressing complex multi-protein subunits from one recombinant baculovirus. The specially designed cloning strategy via multiple vectors provides flexibility in construct generation and multigene assembly. Subunits can be cloned in a modular manner into separate vectors and mixed and shuffled as per requirement to yield individual expression ensembles.
MultiBac: A Useful Tool for the Expression of Therapeutics
Producing influenza A vaccines is one of the most challenging tasks in vaccine design and process engineering, as the high variability within strains results in altered infectivity, propagation and immunogenic efficacy of the produced vaccine, rendering adaptation of process parameters and testing of the product a necessary requirement every year. As an alternative to whole virus vaccines, the production of virus like particles (VLPs) has shown to be feasible in terms of immunogenicity (Cerverix), 1 bearing the advantage of avoiding differences in the dynamics of the infectious cycle. Influenza A VLPs have been previously produced in gene together with viruses encoding glycozymes. 30 A common problem employing such a setup is the low efficiency of co-infections. Another approach for modifying the N-linked glycosylation pathways in insects is the stable integration of glycozyme open reading frames in the genome of a host cell. Using this approach several transgenic insect cell lines have been generated successfully, most of them based on Sf 9 cells. 31, 32 The drawback of this strategy is a possible metabolic overload for the transgenic insect cell line, leading to reduced growth characteristics and long-term instability as well as reduced yields of recombinantly produced proteins. Furthermore, the modified N-glycosylation patterns might influence the functionality of cellular proteins and have a wider impact on the robustness of the system. To overcome these problems, a recent study has reported the generation of a new transgenic Sf 9 cell line with an inducible mammalian-like protein N-glycosylation machinery. 33 However, all these approaches are based on Sf 9 cells, but for the expression of secreted proteins, cell lines derived from Trichoplusia ni have been demonstrated to produce significantly higher amounts in many cases. 9, 34, 35 The recently developed SweetBac system, 35 a platform for the expression of mammalianised proteins in insect cells that is based on MultiBac, might serve to solve the problems stated above (a schematic representation of SweetBac is shown in Fig. 3) . In its first embodiment, a so-called glyco-module, consisting of open reading frames coding for the Caenorhabditis elegans N-acetylglucosaminyltransferase II and the bovine β1,4-galactosyltransferase I, controlled by polyhedrin and p10 promoters respectively, was introduced in the LoxP site of the MultiBac baculoviral genome. The resulting SweetBac backbone was subsequently used as a shuttle vector for the expression of human HIV anti-gp41 antibody 3D6 integrated in the standard Tn7 site. Antibody molecules are ideal targets for testing the functionality of SweetBac because of their glycan-dependency and routine methods for analysis. Simultaneous expression of target genes and glycosyltransferases in most commonly used insect cell lines gave an overall expression rate comparable to that of transient expression in mammalian cells. Especially the results for the recently established Tnao38 cell line must be highlighted, because yields of 30 μg/ml cell culture supernatant were reported. 35 The presence of terminal galactose residues on SweetBac expressed antibodies was confirmed by analyzing PNGase A released N-glycans with MALDI-TOF-MS. The more complex type N-glycan structures had no influence on antibodies target binding ability, but caused a significantly enhanced binding to human Fc gamma receptor I (CD64). This indicates an increased ability to exert effector functions like antibody-dependent cellular cytotoxicity (ADCC).
Cell Modulation
Cell engineering is often the only choice for improving the quality or the yield of a product in animal cells or also in yeast and bacterial cells. Enzymes, chaperones and other factors that improve recombinant protein production may be stably integrated into the host's genome. Also knockout mutants or gene silencing can be achieved by this strategy. In contrast to stable cell high mannose type or have non-fucosylated and core-fucosylated paucimannosidic structures. 28 Especially the core α1,3-linked fucose, which is known to be immunogenic, is not present in mammalian cells, but is a very common modification in invertebrates. On the other hand, the immunogenic potential of α1,3-linked fucose could have an adjuvant effect for vaccine preparations.
For example, influenza surface proteins HA and NA both are specifically glycosylated for a variety of important functions including fusion activity, antigenic properties, infectivity and virus release. 29 HA undergoes host-cell dependent glycosylation that is crucial for proper folding of the molecule during infection. All HA molecules are generally glycosylated to varying degrees and it is known that carbohydrate addition can have both positive and negative effects on the virus. The glycosylation of influenza HA is further critical for immune recognition and therefore, has a major influence on the efficacy of vaccine preparations. Carbohydrate positioned around the antigenic sites of the globular head of HA for example can mask antigenic sites from immune recognition. 29 Additionally, glycosylation sites in the highly conserved stalk domain of the HA seem to be conserved as well and might shield this functionally important domain from effective immune responses. In order to validate the actual impact of insect cell-produced vaccines on the immune system, and to test which types of glycosylation are beneficial and which are adverse, a flexible tool for specifically targeted glycoengineering is required.
Making It Sweet: SweetBac
In the past, several approaches have served to improve N-linked glycosylation in lepidopteran insect cell lines by expressing additional glycozymes. Transient approaches were mainly based on the co-infection of insect cells with viruses expressing the target Next generations of the SweetBac platform could comprise a set of viral backbones containing glyco-modules or other genes that are involved in important pathways, enabling a large variety of cell-modulation approaches. Thus, the MultiBac technology, together with increased knowledge about genome structure, gene function and regulatory pathways of insect cells brings enormous advantages to baculovirus based expression systems in terms of flexible product design and fine-tuning of the production process.
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No potential conflicts of interest were disclosed. lines, expression systems based on a viral infection cycle are transient and product yield and quality varies with multiplicity of infection, robustness of the cells, and interaction of viral and cellular proteins, e.g., initiation of apoptosis, unfolded protein response and other factors. Since an engineered cell mostly suffers from a loss in robustness, especially when it comes to additionally expressed foreign glycozymes, simultaneous co-expression of modulating enzymes during the production process appears to be an attractive alternative. Not only additional overexpression of certain co-factors, but also individual up and downregulation of any host gene becomes possible. Instead of cell engineering, we suggest to modulate gene expression by introducing arrays of relevant proteins into baculovirus based on the MultiBac system. Besides higher flexibility, the cells do not suffer from an additional metabolic burden when uninfected, there is no risk of cellular instabilities, and the expression level of the co-factors corresponds to the number of infectious particles per cell. Thus, for example, higher multiplicities of infection automatically provide a higher dosage of chaperones or glycosyltransferases. The system is not limited to the expression of beneficial proteins; knock-downs by anti-sense RNAs may serve to diminish undesired enzymatic activities. Yet, whole genome sequences or the full sets of cDNAs that allow identification of relevant target genes are not available for these insect cell lines. However, projects addressing these issues are on their way. 
